Heavy metals usually aggregate as fine particles in dredging slurry and need to be removed or reduced before recycling of the slurry. However, traditional hydrocyclone method often leads to low separation efficiency because of the difficulties in the complete separation of fine particles. To address this problem, this paper proposes a new type of parabolic hydrocyclone for the removal of heavy metals from dredging slurry. The computational fluid dynamics (CFD) software together with mixture and Reynolds stress model (RSM) have been used to simulate the internal flow field of the parabolic hydrocyclone, which was then verified with experimental tests. The simulation results show that, compared with traditional hydrocyclones, the flow field inside the parabolic hydrocyclone is more stable, which effectively help to avoid the mixture of coarse and fine particles caused by the flow field disturbance. Further experimental results demonstrate that the cumulative percentage of fine particles in the underflow product decreases. The cut size increases from 30 μm to 49 μm and the steepness index rises from 0.13 to 0.2, which proves that the separation accuracy can be improved, and the fine particles mixed in the underflow can be removed effectively. Moreover, the recovery rate of heavy metalas Zn and Cr in the overflow products reaches 97.21 % and 78.27 %, respectively, verifying the enrichment effect. Therefore, after the parabolic hydrocyclone separation process, the underflow products contain less heavy metals and become both non-hazardous and recyclable.
INTRODUCTION
River sediment pollution is becoming an increasingly prominent environmental problem due to the direct or substandard discharge of industrial wastewater. What's worse, the sediment usually contains heavy metals such as zinc, chromium, lead, etc. During the process of river dredging, a large amount of dredging slurry is piled up along the river shore , Hanedar et al. 2017 , Teng and Zhou 2017 , which releases the heavy metals contained to the soil with the aid of longterm rainwash, which makes secondary pollution to surrounding soil and environment inevitable (Cui et al. 2006 , Olatuyi et al. 2014 , Shahrabi et al. 2014 , Bian and Yang 2017 . Therefore, it is urgently needed to seek a kind of economical and feasible technology to remove the heavy metals in dredging sediment , Mi et al. 2016 , Rehman et al. 2017 .
Hydrocyclone separation technology has been widely used in mining, environmental and chemical engineering processes for its advantages including low maintenance costs, low energy consumption and large handling capacity (Shadrunova and Orekhova 2015 , Ghodrat and Kuang 2016 , Otto et al. 2016 , Emelue and Omonzogbe 2018 . Recently, some researchers began to study the application of this technology in the removal of heavy metals (Yang et al. 2018 , Grzeczka and Szymak 2016 , Kumruzzaman and Sarker 2017 . For example, Bhaskar reported that a hydrocyclone was capable of separating fine particles rich in Pb and Zn from lead-zinc ore (Bhaskar et al. 2005, Sharma and . Park adopted the hydrocyclone technology to reduce contaminated dredged material (Park et al. 2006 , Ramezani et al. 2017 ). Sierra used hydrocyclones to treat the grain-size fraction below 125μm for contaminated soil (Sierra et al. 2010, Fu and Liu 2017) . Ko studied the recycling of fly ash using a dense-medium hydrocyclone separation process (Ko et al. 2013 , Kumar 2017 , Halin et al. 2017 , Zaidi et al. 2017 . However, for the traditional hydrocyclone separation, a common problem is the mixture of fine particles in the underflow products, thus affecting the separation accuracy and product quality. The main cause lies in the unstable flow field near the bottom of the hydrocyclone (Tariq et al. 2017) . The flow disturbance makes some fine granules, flowing into the inner spiral flow after the initial separation, enter into the outer spiral flow again and mix with the coarse particles (Singh et al. 2018 , Danielson et al. 2016 , Kylili et al. 2018 . At the area near the underflow, this phenomenon is more evident due to a high concentration of solid particle aggregation. Hence, more and more researches have focused on the problem and put emphasis on how to reduce fine particles in the underflow (Dueck et al. 2010 , Hwang and Chou 2017 , Ghodrat et al. 2014 , Minkov et al. 2011 ).
Therefore, this paper put forward a new type of parabolic hydrocyclone aiming at the improvement of separation efficiency . By changing the conventional linear cone into parabolic structure, the separation space could be enlarged effectively, and the internal flow field became more stable so as to remove the fine particles mixed in the underflow (Vazdani et al. 2017) . In order to achieve a comprehensive understanding of the internal flow field characteristics and the separation performance, the numerical and experimental study on parabolic hydrocyclone were carried out. The Computational Fluid Dynamics (CFD) software was used to analyse the flow field, and then an experimental platform was set up to verify the enrichment effect of heavy metals.
NUMERICAL SIMULATION

Structure of the parabolic hydrocyclone
The conical section is the main separation area in a hydrocyclone and whether its structure is reasonable is crucial to the improvement of separation efficiency (Zhang et al. 2011 , Tang et al. 2015 , John et al. 2017 . According to previous studies, the analytical solution of axial velocity inside the hydrocyclone is:
Where U a is axial velocity, B is constant, α is halfcone angle, z is height of cross section, r is rotational radius. It is obvious that if other parameters remain unchanged, U a will decrease with the increase of r, which is consistent with the purpose of changing a linear cone to a parabolic cone. As shown in Fig. 1 , the increased radius can reduce the axial velocity of fluid and extend the residence time of particles (Farajollahi and Delavar 2017) . Also, the enlargement of separation space is conducive for particles to stay longer, meaning that a more sufficient separation process is obtained even in the bottom section. As a result, less fine particles flow into the underflow, and thus the separation efficiency can be improved. In addition, the parabolic structure makes the inner wall smoother, which can not only stabilize the internal flow field, but also decrease the frictional resistance caused by boundary layer separation. Therefore, the energy consumption and pressure drop can be reduced effectively.
The two kinds of hydrocyclone have been designed with the main structural parameters listed in Table I . The profile of the inner wall of parabolic hydrocyclone conforms to a cubic parabola curve. To facilitate the comparison, the height and diameter of them were defined as the same. The 3D models of the flow field region in the hydrocyclone were built using software SolidWorks, as shown in Fig. 2 . Then they were imported into ICEM and the structural hexahedron mesh generation technology was used to mesh them.
Boundary conditions and solver setup
To compare the separation performance, a solid-liquid two-phase numerical simulation of the traditional and parabolic hydrocyclones has been conducted with Fluent 14.5, in which the Mixture model was chosen as the multiphase flow model and RSM model as the turbulence model. The materials are composed of water, SiO 2 and Fe 2 O 3 so as to simulate fine particle dense article large particle fine particle Table II . The feed inlet is set as velocity-inlet and the value is 5.26m/s for both the water and particle phase. The overflow and underflow outlet are set as as pressure-outlet and the pressure is atmospheric pressure. The SIMPLE algorithm is adopted as the coupling method of pressure and velocity. The discretization format for pressure and other governing equations is PRESTO and QUICK, respectively.
Simulation results and analysis
The plane x=0 and different cross section, including z=50mm (near to the bottom), and z=100mm (middle of the conical section) was chosen, and the simulation results were analysed.
Tangential velocity
The tangential velocity is the main factor that affects the solid-liquid separation (Nema et al. 2017 ). Fig. 3 shows the representative tangential velocity distribution in different cross sections of the two types of hydrocyclones. Both of their tangential velocity distribution curves show good symmetry and the same change tendency. An "M" curve can be observed along the radius. From the central axis to the wall, the tangential velocity first increases sharply, then as it reaches the peak point, begins to decrease, and eventually becomes zero at the inner wall.
Moreover, the radial position where the maximum tangential velocity appears is nearly the same. But for the parabolic hydrocyclone, the maximum value is slightly lower. This is beneficial for preventing fine particles from entering the outer spiral flow under the action of high centrifugal force field (Yun et al. 2017) . It should also be noticed that, after it reaches its maximum value, the decrease speed of the tangential velocity is slower than that of the traditional type. This indicates that the flow field in the parabolic section becomes more stable, therefore avoiding particles mixture caused by the flow field disorder and reducing fine granules in the underflow.
Axial velocity and LZVV
The axial velocity of fluid affects the residence time of particles to a great extent. Inside the hydrocyclone, all the points representing zero axial velocity form a LZVV, which is an interface. The fluid inside it flows upward and forms the inner spiral flow, reversely, the fluid outside flows downward and forms Fig. 4 compares the axial velocity in different cross sections. For the parabolic hydrocyclone, the axial velocity of the outer spiral flow decreases while that of the inner spiral flow increases. The benefits include: on the one hand, the reduced axial flow motion prolongs the residence time and enables more thorough separation for coarse and fine particles; on the other hand, the increasing inner flow motion makes fine particles enter into the vortex finder rapidly and lowers their possibility to mix with the underflow.
The contours of LZVV can be inferred as shown in Fig. 5 . It is obvious that the LZVV of parabolic hydrocyclone moves outward, facilitating more fine particles be encompassed by the inner spiral flow. Moreover, the LZVV in the traditional hydrocyclone distorts near the bottom, which may result in flow field disturbance and make well-separated particles to again become chaotic. But in the parabolic hydrocyclone, multiple zero points of axial velocity exist in the same cross section, forming a cyclic flow. The existence of the circulation flow produces a similar "washing effect", which can force the mixed fine particles to go back into the inner flow so as to strengthen the sorting process. Consequently, the separation accuracy is improved. Fig. 6 provides the comparison of radial velocity in different cross sections. At the main separation area, for example z=100, the radial velocity of fluid in the parabolic hydrocyclone is higher than that in the traditional hydrocyclone, which promotes the radial movement of particles and further separation. But in the cross section near the bottom, where z=50, the radial velocity becomes lower in the parabolic hydrocyclone. Actually, at this moment the separation process has finished basically. The low radial velocity gradient is conducive to the formation of a suspended high-density layer and can prevent fine particles from passing through the suspended layer. Fig. 7 represents the density distribution inside the traditional and parabolic hydrocyclone. It can be seen that, under the action of the centrifugal force, the solid particles distribute orderly along the radial and axial direction according to their density and particle size. The density increases gradually along the central axis to the wall, as well as along the vortex finder to the spigot. In the traditional hydrocyclone, along the radial direction, a series of equivalent density layers are formed, appearing as cones with larger cone angles than that of the hydrocyclone. The outer spiral flow outside the density layers enters into the spigot directly in the conical section. By contrast, for the parabolic hydrocyclone, the particles move slowly at the bottom due to the gentle wall curve, and then gradually form a rotating high-density suspension layer. In this way, small particles with lower density than the suspension layer can hardly pass through it and flow back to the inner flow under the action of circulating eddy current, while dense and coarse particles with bigger density pass through the suspension layer and flow toward the spigot. That is, the parabolic hydrocyclone obtains certain sorting effect. Fig. 8 illustrates the comparison of 5μm particle distribution in both the traditional and the parabolic hydrocyclone. It is obvious that the 5μm particles concentrated in the conical section. When taking into consideration the LZVV distribution (Fig. 5) , it can be inferred that for the traditional hydrocyclone, the high concentration area covers both the inner spiral flow and the outer spiral flow, which means some fine particles may enter into the underflow following the outer spiral flow. However, this phenomenon can be improved in the parabolic hydrocyclone. From Fig. 8  (b) , the 5μm particles concentrate area is bigger and its position nearer to the direction towards overflow pipe. Therefore, it increases the possibility of fine particles entering into the overflow, reducing the mixture of them in the underflow.
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Separation performance
The simulated yield and recovery rate of the underflow is listed in Table III . The yield of the solid phase in the underflow of the parabolic hydrocyclone is reduced to 32.33% compared with the traditional type (35.44%), attributing to the extension outside of LZVV and the increase of axial velocity of inner spiral flow. Moreover, due to the enlargement of separation space and stable flow field, the content of fine particles in the underflow is reduced obviously. The recovery rate of 5μm SiO 2 particles and Fe 2 O 3 decrease by 14.98% and 24.38%, respectively. Finally, the decrease of fine particles leads to an effective content increase of the dense phase Fe 2 O 3 , from 60.37% to 62.09%. The data of the parabolic hydrocyclone illustrate the effectiveness of the sorting process.
EXPERIMENTS OF HEAVY METALS REMOVAL
Experiment plan
The experiments were carried out at Yishui River. A bypass from the main pipeline of the dredging system was set up and the feeding slurry was processed with the two types of hydrocyclone. The feed pressure was controlled by a pressure valve. Fig. 9 gives the photograph of the experimental apparatus on site. In the experiment, the solid concentration of the feeding slurry remain constant (9.87% weight). After reaching a stationary regime, samples from the overflow and underflow were taken in flasks. They were then weighed and dried in an oven to obtain dry weight and representative samples for laser particle analyzer (BT9300-S). Besides, samples were also prepared for heavy metal grade test (IPE-AES method). Table IV compares the fine particles content in overflow and underflow. For the parabolic hydrocyclone, the concentration of particles smaller than 10μm in the underflow decreases from 12.69% to 10.63%, and that of particles smaller than 20μm decreases from 26.61% to 21.74%. It can be concluded that fine granules in the underflow products are reduced effectively.
Cut size and separation accuracy
With material balancing calculation, the size distribution was obtained, and the grading efficiency curve was plotted later. As shown in Fig. 10 , the cut size d 50 of the parabolic and traditional hydrocyclone is 49μm and 30μm, respectively. It is clear that the cut size increases thanks to less fine particles in the underflow.
The separation accuracy is often expressed by steepness index, which can be calculated by, 75 25 d d S I = Where, d 25 and d 75 represent particle size corresponding to 25% and 75% in the efficiency curve. From Fig. 10 , for the traditional hydrocyclone, d 75 =90μm, d 25 =12μm, while for the parabolic hydrocyclone, d 75 =105μm, d 25 =21μm. It can be calculated that their steepness index is S I =0.13 and S I =0.2, respectively. Thus the separation accuracy is improved.
Heavy metals enrichment
The metal recovery is defined as the percentage of the total elements contained in the overflow with respect to that in the feed slurry. For the parabolic hydrocyclone, the concentration of feed, overflow and underflow is 9.87%, 5.46% and 56.66%, respectively according to the experimental data. The underflow yield is 49.45%. Table V gives the grade of heavy metals Zn and Cr in the feed, outflow and . 10 . Grading efficiency curve underflow. For example, the grade of Zn is 250g/t in the overflow while only 31g/t in the underflow. Compared with that of the feed slurry, its recovery rate in the overflow reaches 97.21%. Also, the grade of Cr is 480g/t in the overflow while only 130g/t in the underflow and its recovery rate is 78.27%. It is verified that after the separation by the parabolic hydrocyclone, most heavy metals have been enriched in the overflow effectively.
CONCLUSIONS
A new type of parabolic hydrocyclone has been proposed for the removal of heavy metals from the dredging slurry. The Mixture and RSM model in CFD software are adopted to simulate its internal flow field and its separation performance is analysed both by numerical simulation and experimental tests. Some conclusions can be drawn as follows:
(1) Compared with the traditional hydrocyclone, the flow field inside the parabolic hydrocyclone is more stable, which effectively prevents the coarse and fine particles from mixing due to the flow field disturbance.
(2) The tangential velocity of fluid in the parabolic hydrocyclone is lower than that in the conventional type, but its distribution curve changes gently. More residence time for thorough particles separation is obtained due to the decrease of axial velocity of the outer spiral flow. More fine particles can move to the overflow rapidly thanks to the increase of axial velocity of inner spiral flow. (3) The simulated yield and recovery rate of underflow show that certain sorting effect can be obtained in the parabolic hydrocyclone, which can be attributed to the extension of LZVV and the formation of suspended high-density layer. (4) Distinct enrichment effect for heavy metal in dredging slurry is found by use of parabolic hydrocyclone separation. The recovery rate of heavy metal Zn and Cr in the overflow products is 97.21% and 78.27%, respectively. 
